The heterochromatin protein 1 (HP1) family of proteins is involved in gene silencing via the formation of heterochromatic structures. They are composed of two related domains: an N-terminal chromo domain and a C-terminal shadow chromo domain. Present results suggest that chromo domains may function as protein interaction motifs, bringing together different proteins in multi-protein complexes and locating them in heterochromatin. We have previously determined the structure of the chromo domain from the mouse HP1β protein, MOD1. We show here that, in contrast to the chromo domain, the shadow chromo domain is a homodimer. The intact HP1β protein is also dimeric, where the interaction is mediated by the shadow chromo domain, with the chromo domains moving independently of each other at the end of flexible linkers. Mapping studies, with fragments of the CAF1 and TIF1β proteins, show that an intact, dimeric, shadow chromo domain structure is required for complex formation. Keywords: chromatin structure/chromo domain/ heterochromatin protein 1/protein complex/protein structure
Introduction
The first heterochromatin-associated protein to be characterized was heterochromatin protein 1 (HP1), a suppressor of position effect variegation (PEV) (James and Elgin, 1986; Eissenberg et al., 1990) . HP1 is found in complexes with other known heterochromatin proteins, e.g. Su(var)3-7 (Cleard et al., 1997) and Su(var)3-9 (Aagaard et al., 1999) , and its mutation causes recessive embryonic lethality due to defects in chromosome morphology, lengthened prophase and subsequent chromosome segregation . Mutations can also result in aberrant association of chromosomes and multiple telomeric fusions (Fanti et al., 1998) .
HP1 homologues have been found in many other organisms from Schizosaccharomyces pombe (Lorentz et al., 1994; Ekwall et al., 1995) to mammals (Singh et al., 1991; Saunders et al., 1993) . There are three HP1 protein family members in mammals, HP1α, HP1β (MOD1) and HP1γ (MOD2), and different patterns of phosphorylation and localization point to possible differences in their function (Minc et al., 1999) .
In Drosophila, phosphorylation of HP1 is required for efficient heterochromatin targeting and, possibly, heterochromatin assembly (Eissenberg et al., 1994; Zhao and Eissenberg, 1999) . In mammals, HP1α and HP1γ exist in different phosphorylated forms, becoming hyper-phosphorylated at mitosis. In contrast, HP1β remains as a unique isoform throughout the cell cycle (Minc et al., 1999) . In Drosophila, HP1 is localized to heterochromatin, to telomeres and to discrete regions of euchromatin Fanti et al., 1998) . In mouse and human cells, HP1α is found predominantly in centromeres, HP1β (MOD1) is distributed widely on the chromosome, and HP1γ (MOD2) localizes mostly to euchromatin (Minc et al., 1999) ; their localization changes during the cell cycle in both Drosophila and mammals (Minc et al., 1999; Murzina et al., 1999) . Recently, we have shown that as mitosis is approached some HP1β dissociates from heterochromatin, as histone H3 becomes hyper-phosphorylated, and then reassociates at the end of mitosis when H3 is dephosphorylated (Murzina et al., 1999) .
The HP1 proteins make up one class of chromo domain proteins (Paro and Hogness, 1991) , having an N-terminal chromo domain and a related C-terminal shadow chromo domain (Aasland and Stewart, 1995; Koonin et al., 1995) . Many other chromo domain proteins are also involved in the regulation of gene expression resulting from alterations in chromatin structure (Cavalli and Paro, 1998) . The polycomb protein (Pc) represents a second important class, in which an N-terminal chromo domain is present, but the shadow domain is not. These generally much larger proteins contain a different conserved sequence motif in the C-terminus (Paro, 1990; Paro and Hogness, 1991) . The construction of chimeric proteins, consisting of either the HP1 protein with its chromo domain replaced by that from Pc, or the Pc protein with an HP1 chromo domain, has shown that both the chromo and shadow domains are important for correct chromatin localization. These results suggested that they may interact independently with different targets in heterochromatin (Platero et al., 1995) .
Although HP1 proteins are located in chromatin, they do not appear to bind to DNA directly (Singh et al., 1991; Ball et al., 1997) . Rather, they have been found to interact with a number of different proteins. So far, the only known example of an interaction involving the chromo domain is the interaction of Drosophila HP1 with the origin recognition complex (ORC) that is required for initiation of eukaryotic DNA replication (Pak et al., 1997) . All other known interactions are mediated via the shadow chromo domain. The importance of the shadow chromo domain in HP1 function is emphasized by the fact that a truncated HP1 mutant Su(var)2-5 04 , lacking part of the shadow domain, does not localize in either heterochromatin, euchromatin or at telomeres (Fanti et al., 1998) .
Both the mouse and human HP1 proteins have been shown to interact with the transcriptional intermediary factors (TIFs) α and β (Le Nielsen et al., 1999; Ryan et al., 1999) . TIF1β (or KAP1) also binds to proteins containing the KRAB domain (Kruppelassociated box), one of the most widely distributed transcriptional repressor domains in mammals (Friedman et al., 1996; Moosmann et al., 1996) . It has been suggested that the HP1-TIF-KRAB complex might recruit heterochromatin-like complexes to specific loci on the chromosome defined by the DNA binding site of the Kruppel transcription factors (Ryan et al., 1999) . TIF1α is a nuclear protein that interacts directly with the liganddependent activation domain of certain nuclear hormone receptors to suppress transcription (Le Douarin et al., 1995) ; it has also been shown to be located in euchromatin (Remboutsika et al., 1999) . Both TIF1α and TIFβ appear to repress transcription via histone deacetylases (Nielsen et al., 1999) . Recently, we have demonstrated that the large subunit of chromatin assembly factor 1 (CAF1p150) binds to mouse HP1 proteins. The interaction is required for the association of CAF1 with heterochromatin in non-S-phase cells, and CAF1 also promotes the incorporation of MOD1 into nascent chromatin during DNA replication in vitro. We identified a peptide motif that is conserved in both the TIFs and the large subunit of CAF1p150 that interacts with the shadow chromo domain (Murzina et al., 1999) .
Thus the results so far suggest that the HP1 proteins may function as adaptors, bringing together different proteins in multi-protein complexes, and locating them in heterochromatin via protein-protein interactions with the chromo and shadow chromo domains. In order to understand the mechanisms involved we are studying the structure and interactions of the mouse HP1β protein, MOD1 (Murzina et al., 1999) . We show here that the fulllength MOD1 protein is a dimer where the interaction is mediated via the C-terminal shadow chromo domain (MOD1C). We present the structure of MOD1C and show that an intact dimer structure is required for the interaction with the CAF1 and TIF1β proteins.
Results

Shadow domain structure
Based on limited proteolysis data (Ball et al., 1997) , and a sequence alignment of the different HP1 proteins (Figure 1 ), residues 104-171 of MOD1 were expressed in Escherichia coli and purified for structural studies. The purified MOD1C protein had the expected amino acid composition and molecular mass (data not shown). Studies of 15 N relaxation of the backbone amides suggested that the protein was larger and tumbled more slowly in solution than the homologous chromo domain (Figure 2 ). Equilibrium sedimentation analysis subsequently confirmed that the shadow chromo domain is dimeric in solution (data not shown).
The structure of MOD1C is well defined except for the five N-terminal residues, 104-109, and the C-terminal residue, 171, which are flexible in solution as judged by the 15 N relaxation experiments (see Figure 3) . The shadow chromo domain structure thus corresponds to residues 110-170 of mouse MOD1. The structures satisfy the experimentally derived distance restraints, with on average less than one violation Ͼ0.5 Å per structure, and have good stereochemistry and van der Waals packing (see Table I ).
As expected from their homology, each monomer of MOD1C forms a compact fold very similar to that of the chromo domain (see Figure 3) . MOD1C, however, forms a symmetrical dimer, burying 687 Ϯ 47 A 2 of surface area, in which the interface principally involves the C-terminal α-helices of each monomer. Residues that form the dimer interface in the shadow chromo domain are indicated in Figure 1 ; the main contacts involve I161, Y164 and L168 (see Figure 3C ). There are also significant contacts between residue 153 in the α1 helix of one monomer and residue 161 in the α2 helix of the other, between residue 158 and the peptide backbone of residue 154, and between the side chain of W170 and A125, L132 and Y164.
Mutations disrupting the dimer structure
The importance of particular residues for dimer formation was investigated by mutating residues either to those found in the monomeric chromo domains or to glutamate, thereby introducing a negative charge into the hydrophobic dimer interface. We then determined the relative size of the different mutant proteins (I161 to A or E, Y164 to L or E and W170 to A or E) using gel-filtration chromatography. As shown in Figure 4 , wild-type MOD1C and the Y164L, W170A and W170E mutants eluted at the same column volume, suggesting that the size and shape of each mutant protein are similar to those of the wild type. Changing Y164 to L does not disrupt dimer formation, but did decrease the stability of the protein, which showed a tendency to aggregate and precipitate from solution. In contrast, the Y164E, I161A and I161E mutants appear to have a lower molecular weight than the wild-type protein (see Figure 4) . We confirmed that each of these proteins was intact by SDS-PAGE and that the Y164E and I161E mutants were similar in structure to the wild-type protein by circular dichroism (data not shown). Sedimentation analysis of these mutants showed that the I161E mutant is monomeric, whereas the Y164E mutant showed weak association with a K d of~500-600 μM (data not shown). Taken together, the data show that mutation of either residue 161 or 164 results in a protein that is structured and essentially monomeric. The results also confirm the importance of these residues for formation of the dimer interface.
The structure of intact MOD1
We have shown previously that the recombinant chromo domain exists as a monomer in solution (Ball et al., 1997) , and in this work we have determined that the shadow chromo domain is a dimer. Sedimentation analysis of the Fig. 1 . Sequences of the chromo domains (A) and the shadow chromo domains (B) from different HP1 proteins, numbered so that they correspond to MOD1. Secondary structure elements observed in MOD1 are shown above the alignments; cylinders represent 3 10 (3-10) or α-helices (α1 and α2), arrows represent β-strands and circles indicate β-bulges. For each domain the residues that make up the hydrophobic core of a 'subunit' are shaded in yellow and other residues considered important for the structure are shown in green (Gly and Pro). Charged residues in the chromo domain, which are replaced by hydrophobic residues in the shadow chromo domain, are coloured blue (basic) and red (acidic). The red boxes enclose the structured parts of the proteins. Residues that form the dimer interface in the shadow chromo domain are boxed and shaded in grey. Mutations described in this paper are indicated below the alignment. The proteins are, from the top, mouse MOD1/human HP1β (residues 1-81 and 103-185), mouse HP1γ . Amide groups in full-length MOD1 were assigned (where possible) by comparing spectra of the full-length protein with those of the individual domains. The T 2 s were calculated by non-linear leastsquares fitting (Broadhurst et al., 1995). intact protein showed that the molecular weight in solution is 42 kDa, approximately twice that calculated from the sequence (21.5 kDa). These results indicate that the fulllength protein is also a dimer, but left open the question as to what inter-domain interactions occur in native MOD1.
The mobility of the individual domains can be estimated from the backbone 15 N T 2 relaxation times, which depend on the rotational correlation time of the molecule-larger and more slowly tumbling molecules having shorter T 2 values. The average 15 N T 2 is 99 ms for the free N-terminal domain and 62 ms for the free C-terminal domain. These data show that the free N-terminal domain tumbles significantly faster in solution than the free C-terminal domain, consistent with the former being a monomer and the latter a dimer. For the full-length protein, the average 15 N T 2 is 61 ms for the N-terminal domain and 26 ms for the C-terminal domain. (The individual values and the actual residues compared are shown in Figure 2 .) In the full-length protein both domains have shortened T 2 values, consistent with a larger overall structure. Significantly, however, the T 2 values in the C-terminal domain remain lower than those in the N-terminal domain. The difference in 15 N T 2 values between the two domains suggests strongly that they have different mobility in the full-length protein and must therefore be moving largely independently of each other. The consistently longer T 2 values for the N-terminal domain suggest that it remains unassociated with other parts of the molecule in the fulllength protein. These conclusions are also supported by the fact that the linker region between the two domains is unstructured (see Figure 2 ), consistent with its high level of accessibility to proteases (Ball et al., 1997) . In summary, the results suggest a structure for full-length MOD1 where it dimerizes through the C-terminal domain alone, with the two N-terminal domains moving independently of each other at the end of flexible linkers.
The shadow chromo domain dimer binds to a single CAF MIR peptide Both CAF1p150 (Murzina et al., 1999) and TIF1β Nielsen et al., 1999; Ryan et al., 1999) share a conserved peptide motif named MIR, for MOD1 interacting region, which is essential for their interaction with MOD1. To investigate the interaction between MOD1C and CAF1 further, we expressed a 66 amino acid peptide from mouse CAF1p150 (amino acids 204-269) as a His-tagged fusion protein in E.coli. This peptide comprises the overlapping sequence found in all of the fragments of CAF1 that were originally isolated in the two-hybrid screen with MOD1 (Murzina et al., 1999) .
The stoichiometry of binding was studied using gelfiltration chromatography. Samples were analysed on a Superdex 75 column after mixing varying amounts of CAF MIR with a constant amount of MOD1C ( Figure 5) . A single peak, corresponding to the complex, was detected during gel filtration of a 1:1 mixture of CAF MIR to MOD1C dimer ( Figure 5 , trace d). Mixtures with lower CAF MIR:MOD1C dimer ratios showed an additional peak corresponding to free MOD1 (e.g. Figure 5 , trace c), whilst mixtures with higher CAF MIR:MOD1C dimer ratios showed an additional peak corresponding to free CAF1 (e.g. trace e). At no ratio could we see all three peaks at the same time, indicating that the complex is stable during gel filtration. It is particularly noteworthy A close up stereo view of the inter-monomer interface with the side chains of interfacial residues shown; key residues are labelled. These plots were produced using MOLSCRIPT and Raster3D (Kraulis, 1991; Merritt and Bacon, 1997) . that, at a CAF MIR:MOD1C dimer ratio of 2:1 (trace e), we do see free CAF1. This would not be expected if two molecules of CAF1 bound to one molecule of MOD1C dimer, i.e. if one molecule of CAF1 bound to each subunit of the MOD1C dimer. The results of the gel filtration suggest that one molecule of CAF MIR binds to one MOD1C dimer. To confirm this we performed equilibrium sedimentation analysis of a 25 residue MIR-containing peptide from CAFp150 (amino acids 211-235, M r 2736 Da), MOD1C, and the complex of the two. The synthetic peptide was chosen for analytical centrifugation because the larger CAF MIR fragment (residues 204-269) was prone to both degradation and aggregation. MOD1C was mixed with an excess of CAF MIR 25mer and the mixture was eluted through an S75 gel-filtration column to remove excess peptide. Ultracentrifugation gave a molecular weight of 2.93 kDa for the peptide, 16.63 kDa for the MOD1C dimer and 19.17 kDa for the complex. This agrees with the gelfiltration results. [Note that a larger synthetic peptide (25mer) was used here to give a greater molecular weight difference than would have been obtained with the minimal 13mer peptide, see below.]
Definition of the MIR peptide binding site on the shadow chromo domain
We next sought to identify the MOD1C residues involved in the interaction with mouse CAF1p150. A CAF MIR 13mer (residues 220-232 of mouse CAF1p150), containing only the essential conserved peptide motif found in CAF1 and TIF1β (Murzina et al., 1999) , was used in NMR experiments to map its binding site on MOD1C.
The 1 H and 15 N chemical shifts in 2D 1 H-15 N HSQC spectra of 15 N-labelled MOD1C, before and after complex formation with excess unlabelled peptide, were determined to identify residues that are affected by ligand binding or conformational changes. As the majority of cross peaks in the spectrum of the complex were significantly perturbed, a 3D 15 N-separated NOESY-HSQC spectrum was used to assign as many of the cross peaks as possible. Of the 58 non-proline residues, whose amide protons do not exchange rapidly with the solvent, 15 had cross peaks that did not change on the addition of peptide. A further 27 gave rise to two HSQC cross peaks of approximately equal intensity, both of which were shifted relative to their position in the isolated protein. For another three residues only one highly perturbed cross peak could be found (the other presumably being too shifted to be easily identified). Finally, the remaining 13 residues could not be identified, their chemical shifts also being too perturbed for analysis with data from this spectrum alone. An estimate of the number of HSQC peaks that remain unassigned suggests, however, that these residues are also likely to give rise to two HSQC cross peaks each. The magnitude of the perturbations in the spectra that are observed upon binding is consistent with the formation of a tight complex and points to some changes in the structure of the protein on complex formation. The residues whose shifts are most strongly perturbed, and therefore most likely to be close to the ligand, form a contiguous region on the surface of the dimer. They lie in the C-terminal end of the second helix (helix α2), the C-terminal tail, the first β-strand and the first half of the second β-strand (see Figure 6 ). Many of the residues in the protein give rise to two different, perturbed, but identifiable HSQC cross peaks, suggesting that the same residue in the two different MOD1C subunits experiences a different local environment. This is not in itself unexpected, as a complex between a symmetric dimer and a single, non-symmetric peptide must of necessity be asymmetric. It is, however, surprising that the asymmetry is observed over so large a part of the molecule. Neither the NMR nor gel-filtration experiments point to the presence of more than one species in solution, and the presence of free MOD1C can be specifically excluded. There is no sign of free MOD1C in the NMR spectra and its presence is not compatible with a K d for complex formation of 2 μM, as determined by fluorescence spectroscopy (data not shown).
TIF and CAF MIR compete for the MOD1C binding site
To investigate whether the TIF and CAF MIRs interact with the same binding site on the shadow chromo domain, we studied the binding of MOD1C to TIF1 MIR in the presence and absence of the CAF MIR 13mer peptide. TIF1 MIR [residues 449-567 of TIF1β expressed as a glutathione S-transferase (GST) fusion protein; Murzina et al., 1999] was bound to glutathione-agarose and used to pull down recombinant MOD1C ( Figure 7A, lanes 3  and 4) . The addition of increasing concentrations of Figure 3 by a 90°rotation about the vertical axis.) Residues for which there are no data are in white, unperturbed residues are in light blue, residues for which there are two cross peaks are in blue, residues for which only one highly perturbed cross peak could be found are in magenta and the most highly perturbed residues are in red. The position of the Trp170 side chain in the binding site is shown in yellow (see the text for details). The surface plot was made using GRASP (Nicholls et al., 1991) .
Fig. 7. (A)
The MIR regions of TIF1β and CAF1 compete for binding to MOD1C. GST-TIF MIR was immobilized on glutathione-agarose beads and mixed with recombinant MOD1C. After extensive washing in buffer A150 (20 mM Tris-HCl pH 7.5, 150 mM NaCl, 10% glycerol and 0.05% NP-40) the proteins remaining on the beads were separated using SDS-PAGE. The interaction between MOD1C and GST-TIF MIR was investigated in the presence of increasing amounts of a CAF1 13mer peptide containing the conserved MOD1C-binding motif. The input lanes (I) represent 20% of the amount of MOD1C present in the assay mixture, while the bound lanes (B) represent the total amount of MOD1C that remained bound to GST-TIF MIR following washing. The amounts of MOD1C and GST-TIF MIR were kept constant in each assay. (B and C) MOD1C mutants do not bind to the CAF1 MIR and TIF MIR peptides. Wild-type and mutant MOD1C proteins were in vitro translated using the TNT T7 Quick Coupled Transcription/Translation kit (Promega). Similar amounts of each 35 S-labelled MOD1C protein were incubated with recombinant GST-CAF MIR (B) and GST-TIF MIR (C). After extensive washing, the proteins remaining on the beads were separated by SDS-PAGE, Coomassie Blue stained and detected by autoradiography. Autoradiographs of the gel are presented in the figure. Lanes labelled I contain the equivalent of 20% of the input proteins. Lanes labelled B show proteins eluted from the glutathione-agarose beads following washing. Parts of the Coomassie-stained gels showing the amount of GST fusions or of GST (lanes 13 and 14) in the binding assays are presented in the bottom panels.
CAF MIR 13mer progressively reduced, and in the end abolished, MOD1C binding to the GST-TIF MIR fusion protein ( Figure 7A, lanes 5-14) .
To investigate the competition further, we determined the effect of the W170A and W170E MOD1C mutations on peptide binding. W170 is one of the residues most affected by peptide binding in the NMR studies and is located at the centre of the mapped binding region (see Figure 6 ). Wild-type MOD1C and the W170A and W170E mutants were translated in vitro and assayed for their ability to bind to the GST-MIR peptides. The TIF and CAF MIR fragments obtained in the yeast two-hybrid screen for proteins interacting with MOD1 (Murzina et al., 1999) were expressed and purified as GST fusion proteins in E.coli for these experiments. As shown in Figure 7 , neither the W170A nor the W170E mutant was able to bind to either the CAF MIR ( Figure 7B, lanes 9-12) or the TIF MIR peptide ( Figure 7C, lanes 9-12) . However, the wild-type MOD1C did bind both ( Figure 7B, lanes 1  and 2, and 7C, lanes 1 and 2) , showing that W170 is involved in the binding of both MIRs. These experiments strongly suggest that the CAF and TIF MIR peptides bind to the same site on MOD1C.
A dimeric shadow chromo domain is required for the interaction with a MIR peptide
To investigate whether a dimer structure is important for the interaction we studied the binding of the monomeric I161A, I161E and Y164E MOD1C mutants to the CAF and TIF MIR peptides. I161 and Y164 are buried deep in the dimer interface and are unlikely to mediate the interaction directly with the CAF MIR peptide ( Figure 3C ). Moreover, the NMR spectrum of the complex indicates that the local environment of these residues does not change much upon peptide binding (coloured dark blue in Figure 6 ). In vitro translated wild-type MOD1C as well as the monomeric mutants were assayed for their ability to bind to the GST-MIR peptides. As shown in Figure 7 , only the wild-type MOD1C bound to GST fusion proteins containing the MIRs from CAF1p150 ( Figure 7B , lanes 1 and 2) or TIF1β ( Figure 7C, lanes 1 and 2) ; none of the monomeric mutants bound ( Figure 7B and C, lanes 3-8) .
In the control, wild-type MOD1C did not bind to GST alone, showing that the interaction with the MIR peptides was specific. To confirm that the failure of the mutants to bind was not due to the in vitro translated proteins being misfolded, we repeated the experiment using recombinant, E.coli expressed I161E and Y164E MOD1C whose monomeric and folded state had been demonstrated previously. The recombinant mutants did not bind to the CAF or TIF MIR GST fusion proteins (data not shown). These studies demonstrate that peptide binding depends on the formation of the MOD1C dimer.
Discussion
The overall structure of the MOD1 protein Sequence alignment of the HP1 family proteins suggested that they consist of an N-terminal chromo domain and a C-terminal shadow chromo domain connected by a less conserved linker that is rich in charged residues. Our previous limited proteolysis data showed that both the linker and the N-terminus were very accessible to proteases, but that the two domains were resistant, the C-terminal being the more so (Ball et al., 1997) . We expressed the defined domains in E.coli and determined the structure of both the chromo (Ball et al., 1997) and the shadow chromo domains (this work).
We find that the C-terminal shadow chromo domain of MOD1 forms a tight homodimer (Figure 3) , and sedimentation analysis suggests that the upper limit for the dissociation constant is Ͻ150 nM (data not shown). The shadow chromo domain has the same fold as the interleukin-8 family of proteins, many of which form homodimers either by exchanging their helices or via interactions between their N-termini. The shadow chromo domain, however, exhibits a novel mode of dimerization in which the helices of one monomer interact with those of the other.
The structure of each subunit of MOD1C bears a striking resemblance to that of the N-terminal chromo domain that we determined previously (Ball et al., 1997) (see Figure 3B ). Most amino acid residues forming the hydrophobic core of the MOD1C shadow domain are conserved not only between the different shadow domains, but also between the shadow and chromo domains (Figure 1) . The structures can be superimposed over 25 residues in the β-sheet (N, 24-43 and 51-55; C, 120-139 and 145-149) with a root-mean-square deviation (r.m.s.d.) for the C α atoms of 0.97 Å; those residues that are most highly conserved between the shadow and chromo domains occupy structurally similar positions.
We have used 15 N relaxation experiments to study the dynamics of the protein's backbone amides to understand whether the individual domains interact with each other in the intact protein. No evidence of an interaction between the N-terminal chromo domain and either the C-terminal shadow domain or the other N-terminal chromo domain was found (Figure 2 ). Taken together with previous limited proteolysis data, the results show that the intact MOD1 protein is a dimer in which the N-terminal chromo domains are attached to the C-terminal, dimeric, shadow chromo domain by flexible linkers.
A plausible model for HP1 function might involve the N-terminal chromo domain being required for localization, such that the C-terminal shadow chromo domain can recruit other proteins to act at the appropriate location in chromatin. So far, however, yeast two-hybrid, in vitro experiments and phage display approaches have not identified functional partners of the chromo domain, apart from the ORC. It is possible that some post-translational modification, either in the chromo domain or in the unknown partner(s), is required. On the other hand, many different partners of the shadow chromo domain have been identified-the two interaction domains in HP1 proteins thus provide great flexibility for the localization of different functional complexes at distinct sites in the nucleus.
Interactions between HP1 proteins
In principle, the HP1 family proteins might interact with each other to form higher order complexes in two different ways. First, the HP1 dimers might interact with each other to form higher order complexes, e.g. tetramers, or alternatively, different HP1 monomers might interact to form heterodimers.
We could not detect any sign of further specific multimerization of MOD1, either by gel-filtration chromatography or sedimentation analysis. To test whether the HP1 proteins might form higher multimeric states, e.g. tetramers with either itself or other HP1 proteins, we attempted to pull down recombinant full-length MOD1 using recombinant GST fusions of HP1α, MOD1 and MOD2. In no case could we detect interactions (data not shown). The low dissociation constant that we observe for MOD1 suggests that all our recombinant proteins would be present as homodimers before we mixed them. Thus, these experiments are not complicated by the possibility of heterodimer formation (see below). However, one cannot rule out the possibility of further multimerization of the protein upon post-translational modification, such as phosphorylation, which is known to occur in eukaryotic cells (Minc et al., 1999; Zhao and Eissenberg, 1999) .
The unmodified HP1 proteins could nevertheless form heterodimers directly with one another. Most residues involved in the dimer interface are conserved between the shadow domains of different HP1 proteins, e.g. A125, L132, N153, P157, I161, Y164, L168 and W170 are conserved in all except swi6. In addition, interactions have previously been reported between mouse HP1α and either itself or MOD1 in a yeast two-hybrid screen . Moreover, human HP1α binds to both itself and to HP1γ in pull-down assays using in vitro translated proteins (Ye et al., 1997) . Based on the biochemical, sequence and structural data, there is therefore a possibility of heterodimer formation between different HP1 monomers. Nevertheless, so far no biological functions have been ascribed to such interactions and it has been shown that HP1α, HP1β and HP1γ generally behave and localize differently in mammalian cells (Minc et al., 1999) .
Shadow chromo domain interactions with other proteins
We have mapped the region of MOD1C involved in the interaction with proteins containing the MIR motif by NMR. The residues involved comprise the C-terminal end of the second helix, the C-terminal tail and the adjacent residues from the first and second β-strands (Figure 6 ). W170, which is located at the centre of this region, appears to play a critical role in the interaction. Its mutation to either A or E abolishes MOD1C binding to both the TIF and CAF MIRs ( Figure 7B and C), but does not affect the dimeric nature of the domain (Figure 4) .
The gel-filtration and sedimentation analyses demonstrate that one MIR peptide binds to one shadow chromo domain dimer ( Figure 5 ). Given this stoichiometry, one would expect that interaction with the peptide would induce asymmetry in the dimer, and indeed we see strong evidence for this in the NMR spectra. We imagine two possible modes of peptide binding to MOD1C. In the first, one of the monomers binds a peptide molecule, and this binding prevents the other monomer from binding a second peptide, e.g. by allosteric changes. Alternatively, both monomers might be involved in binding a single peptide molecule. We favour the latter possibility because we found that the monomeric MOD1C mutants are not able to bind to the TIF and CAF MIR fragments ( Figure 7B and C). We interpret the inability of these monomeric mutants to bind the CAF MIR peptide as being due to disruption of the binding surface, where the peptide binds to both subunits at the dimer interface.
This mode of protein-protein interaction in which a single monomeric peptide is recognized by a dimeric protein interaction motif is unprecedented in intracellular proteins. The only similar example occurs in the major histocompatibility complex (MHC II), where a single peptide binds to a site formed by two different polypeptide chains. The mapped region does not have any deep groove or cavity that would allow us to propose a detailed mode of binding. One possibility is that it binds in an extended conformation to the N-terminal β-strand in the shadow chromo domain (thereby extending the β-sheet) and at the same time makes contact with residues in the C-terminal tail of the other subunit. Another possibility is that the MIR peptide binds in between the C-terminal tails, moving them apart and thereby creating the necessary cavity for binding. This would be consistent with the NMR data which suggest that the C-terminal tail is not as well structured as the rest of the domain and such a mode of binding would explain why a large part of the molecule becomes asymmetric upon peptide binding. Clearly, the detailed mode of binding will need to await solution of the 3D structure of the complex.
The shadow chromo domain has recently been demonstrated to bind peptides related to the MIR consensus in phage display experiments (Smothers and Henikoff, 2000) . However, the authors' suggestion that the peptides mimic the PQVVI sequence found in the C-terminal helix, and thereby disrupt the dimer, is not borne out by our work. We observe only slight chemical shift perturbations in this region of the protein on peptide binding, consistent with the fact that only the I is involved in significant intermonomer interactions, whilst the two Vs are buried within the monomer.
The TIF and CAF MIRs compete for binding to MOD1C
Given their sequence similarity, we thought it possible that the TIF1β and CAF1p150 MIR peptides would interact with the same binding site on MOD1C and the experiments shown in Figure 7 support this view. Whilst the conserved MIR motif is capable of binding to MOD1C, additional adjacent residues are also involved (data not shown). Given the lack of sequence similarity between TIF1β and CAF1p150 outside the conserved MIR motif, we speculate that the flanking regions of the two proteins might bind differently to the shadow chromo domain. Structural studies of the two complexes will reveal which MOD1 residues are involved and this might enable the design of MOD1 mutants that would bind specifically to either CAF1p150 or TIF1β, allowing further insight into the biological roles of each complex.
Some of the proteins that interact with MOD1C do not possess a recognizable MIR motif and may bind in a different way, or even to a different binding site. A possible location for an alternative site might be at the other end of the dimer axis where there is a relatively hydrophobic surface patch, made up of residues V154, P157 and Q158.
Regulation of HP1 protein interactions HP1 proteins are phosphorylated in vivo and this phosphorylation may be an important mechanism for regulating the proteins' multimerization and/or interactions. Zhao and Eissenberg (1999) have identified three casein kinase II phosphorylation sites on Drosophila HP1, S15, S199 and S202, which are needed for heterochromatin binding. In HP1β and HP1γ, but not HP1α, T169 and S172 lie in a similar sequence context to that of the C-terminal 1595 phosphorylation sites in Drosophila HP1. T169 is located close to the MIR binding site on the shadow chromo domain, suggesting that its phosphorylation might prevent binding by the hydrophobic MIR peptides. Our studies of the structure and interactions of MOD1C thus suggest a mechanism by which phosphorylation might alter the function of HP1 proteins during the cell cycle and/or development, where it is known that their phosphorylation patterns change.
Materials and methods
DNA manipulations
The constructs and strains for E.coli expression of His-tagged MOD1 (residues 1-185) and MOD1C (residues 104-171) have been described previously (Ball et al., 1997; Murzina et al., 1999) . Site-directed mutagenesis of wild-type mouse MOD1C (residues 104-171) in a pET16b construct (Novagen) was performed using QuickChange (Stratagene) according to the manufacturer's instructions. For expression of GST-CAF MIR (residues 176-327) and GST-TIF MIR (residues 449-567), cDNA fragments obtained from a two-hybrid screen (Murzina et al., 1999) were subcloned directly into the BamHI and EcoRI sites of the pGEX-5X vector (Pharmacia). The region of CAF1p150 cDNA common to all the p150 clones identified in the two-hybrid screen (Murzina et al., 1999) was subcloned by PCR and ligated into the NdeI and BamHI sites of the pET16b vector (Novagen).
Expression and purification of MOD1 and MOD1C
Unlabelled, 15 N-and 15 N/ 13 C-labelled proteins were expressed and purified as described (Ball et al., 1997) , with the following additional steps. After Factor Xa cleavage of the His-tag, the MOD1 or MOD1C samples were separated from the His-tag and further purified by MonoQ HR 5/5 ion-exchange and Superdex S75 gel-filtration chromatography (Pharmacia), using standard protocols. (Note that the final purified proteins have an additional N-terminal histidine and methionine residue, which originate from the vector.)
A mixed dimer sample for NMR spectroscopy was made by mixing equal amounts of unlabelled and 15 N/ 13 C-labelled MOD1C in a large volume of 6 M guanidinium hydrogen chloride (GuHCl), 10 mM sodium phosphate pH 8.0, 1 mM dithiothreitol (DTT) and 1 mM EDTA. The protein sample was renatured by serial dilution with the same buffer containing decreasing amounts of GuHCl (4.5, 4, 3 and 0 M GuHCl) prior to dialysis into NMR buffer.
Expression and purification of CAF MIR and TIF MIR proteins
For the pull-down assays, GST-CAF and GST-TIF MIRs were expressed and purified using standard protocols. For the binding studies of CAF MIR to MOD1C by gel-filtration chromatography, His-tagged CAF MIR (residues 204-269) was expressed in E.coli JM109 (DE3) cells. The peptide was affinity purified under denaturing conditions (in the presence of 6 M GuHCl or 8 M urea) using a Ni-NTA column (Qiagen), and further purified by gel filtration under native conditions using a Superdex 75 column (Pharmacia).
NMR spectroscopy and spectral assignments NMR spectra were recorded on Bruker 500, 600 and 800 MHz spectrometers at either 30 or 35°C. Protein samples contained between 0.6 and 1.4 mM MOD1C monomer in 10 mM sodium phosphate buffer at pH 8.0, containing 10 mM perdeuterated DTT, 0.05% sodium azide and either 10 or 100% D 2 O. Resonance assignments were achieved using standard triple resonance and homonuclear methods. NOE data for the structure calculations were mainly obtained from 2D homonuclear NOESY spectra in H 2 O and D 2 O, as well as 3D 15 N-and 3D 13 C-separated NOESY-HSQC spectra in H 2 O, all recorded with mixing times of 100-120 ms. In addition, a 3D 15 N-separated NOESY-HSQC spectrum recorded with a 40 ms mixing time was employed. 15 N relaxation measurements were performed at 600 MHz for the N-and C-terminal domains and at 500 MHz for full-length MOD1. All NMR data were processed with the program AZARA (W.Boucher, unpublished data) and analysed using ANSIG (Kraulis, 1989; Kraulis et al., 1994) .
Structure calculations
Distance restraints were derived from 4182 cross peaks, of which 2334 were assigned manually and 1848 were assigned based on their chemical shifts using 'Connect' from AZARA. Cross peaks were grouped (according to intensity) as strong, medium, weak and very weak, the corresponding restraint limits being 0.0-2.7, 0.0-3.3, 0.0-5.0 and 0.0-6.0 Å, respectively. A 3D 13 C/ 15 N-filtered, 13 C-separated NOESY-HSQC (Zwahlen et al., 1997) and a 2D 13 C/ 15 N-double-half-filtered NOESY experiment (Folmer et al., 1995) (mixing times 150 ms) gave rise to cross peaks that were known to be either inter-or intra-monomer. After removal of mutually redundant restraints, there remained a total of 58 cross peaks known to be inter-monomer, 426 cross peaks known to be intra-monomer and 1606 cross peaks that were ambiguous, i.e. either inter-or intra-monomer. In addition, 21 ambiguous distance restraints were incorporated to constrain hydrogen bonds (identified as exchanging slowly with water) to be within 2.5 Å of a hydrogen bond acceptor.
The structures were iteratively refined in CNS 0.9 (Brunger et al., 1998) using the PARALLHDG v5.1 forcefield in PROLSQ mode (Linge and Nilges, 1999) and ARIA (Nilges et al., 1997) . To deal with the dimeric nature of the protein, axially symmetric starting structures were generated from random coordinates for one monomer and subsequently rotated by 180°around an axis 5 Å from their centre of mass to generate the other monomer. To maintain axial symmetry throughout the calculations, the non-crystallographic symmetry restraint was applied with weight 10, and distance-based symmetry restraints were used (O'Donoghue et al., 1996) .
The quality of the calculated structures was assessed with PROMOTIF (Hutchinson and Thornton, 1996) and PROCHECK (Laskowski et al., 1993) .
PDB code
The coordinates have been deposited in the Brookhaven Protein Data Bank under accession number 1dz1.
